␤-Lactam resistance in most gram-negative anaerobic bacteria is mediated by the production of class A extended-spectrum ␤-lactamases (group 2be, Bush). Such enzymes have been characterized in the genera Bacteroides (28, 30, 31, 33) and Prevotella (23) and in Acidaminococcus fermentans, a gramnegative coccus (11) . In the case of oral cavity infections, the high prevalence of CfxA-like ␤-lactamase in Prevotella sp. and Capnocytophaga sp. strains accounted for most of the ␤-lactam resistance problem (9, 17) . Fusobacterium nucleatum belongs to a heterogeneous group including five known subspecies and represents one of most prominent anaerobic gram-negative rods within the oral flora to be possibly involved in local or disseminated infections, alone or in mixed infections (6, 7, 8, 12, 15) . In the past, it has been usually considered susceptible to penicillins (8) . However, this view has been contradicted by a few studies which reported the production of a ␤-lactamase with penicillinase activity in F. nucleatum, although the nature of the ␤-lactamase-encoding gene(s) was not investigated (2, 15, 20, 29, 37) . ␤-Lactamase-mediated penicillin resistance in F. nucleatum isolates from the oral cavity frequently occurs in childhood or in patients who have previously received antimicrobial therapy (25, 26, 38) .
Class D ␤-lactamases (OXA-type enzymes) are characterized by a strong oxacillinase activity but widely differ in their genetic backgrounds and functional features (5) . This fastgrowing molecular class includes enzymes with narrow-tobroad substrate profiles (extended spectrum), some of which may exhibit carbapenemase activity (e.g., OXA-23, OXA-48), accounting for their increasing clinical relevance (24) . Acquired enzymes are the most numerous and are commonly encoded by mobile genetic elements, being integron or plasmid borne, that promote their diffusion among hospital gram-negative pathogens. On the other hand, resident chromosome-encoded class D enzymes have been identified in several organisms that are members of the environmental microbiota (e.g., Shewanella spp.), some of which are also important opportunistic pathogens, such as Aeromonas spp. (OXA-12), Pseudomonas aeruginosa (OXA-50), and Acinetobacter baumannii (OXA-51).
Although class D enzymes have been reported in a wide variety of bacterial species, such ␤-lactamases have not yet been described in gram-negative anaerobic rods. This report describes the cloning and biochemical properties of a novel chromosome-encoded molecular class D ␤-lactamase, named FUS-1 (OXA-85), from a human periodontally pathogenic F. nucleatum clinical strain.
MATERIALS AND METHODS
Bacterial strains. F. nucleatum subsp. polymorphum NI61 was isolated from a patient with periodontitis who received amoxicillin treatment. Two additional ␤-lactamase-positive F. nucleatum subsp. polymorphum strains, NI51 and NI487, were isolated from periodontal pockets of adult periodontitis outpatients from the Dental Department (Teaching University Hospital of Nice, France). The strains were identified with API rapid ID32A (bioMérieux, Marcy l'Etoile, France) and by 16S rRNA gene sequencing. F. nucleatum subsp. nucleatum ATCC 25586, F. nucleatum subsp. animalis ATCC 51191, F. nucleatum subsp. fusiforme ATCC 51190, and F. nucleatum subsp. vincentii ATCC 49256 were purchased from the strain collection of the Pasteur Institute (Paris, France). Escherichia coli TOP10 (Invitrogen, Leek, The Netherlands) was used as the recipient for cloning experiments. E. coli BL21(DE3) (Stratagene Inc., La Jolla, Calif.) was used as the host for T7 promoter-based expression plasmids in overexpression experiments and large-scale enzyme production.
Media, culture conditions, and determination of antimicrobial susceptibility. F. nucleatum strains were grown anaerobically at 37°C in Schaedler broth (BioRad, Marnes-la-Coquette, France). Antibiotic MICs were measured by the Etest method as recommended by the manufacturer (AB Biodisk, Solna, Sweden), with brucella agar medium (Oxoid Ltd., Basingstoke, United Kingdom) supplemented with 5% horse blood. Plates were incubated in an anaerobic workstation (Concept Plus, Leeds, United Kingdom) at 37°C for 48 h. E. coli strains were grown aerobically at 37°C in Luria-Bertani medium (32) for routine culture or Mueller-Hinton plates for antimicrobial susceptibility testing (Bio-Rad, Marnes-laCoquette, France). Medium for autoinduction of T7 promoter-based expression systems, as described by Studier (34) , was used with strain BL21(DE3) for recombinant enzyme production.
Molecular methods. Genomic DNA from F. nucleatum NI61 was prepared as previously described (23) , partially digested with HindIII, and ligated to the HindIII site in plasmid pZErO-2 (Invitrogen, Leek, The Netherlands). The ligation mixture was transformed into E. coli TOP10, and transformants were successively selected on kanamycin (50 g/ml) and ampicillin (50 g/ml). The nucleotide sequence of the cloned DNA fragment was determined by primer walking (Eurogentec, Seraing, Belgium).
Plasmid DNA was isolated by alkaline lysis with the QIAprep Spin Miniprep Kit (QIAGEN GmbH, Hilden, Germany) as previously described (32) .
Detection of class A and class D ␤-lactamase genes in various Fusobacterium strains was achieved by PCR with oligonucleotides designed to amplify bla FUS-1 and the class A ␤-lactamase gene (blaA) identified in F. nucleatum subsp. nucleatum ATCC 25586 (accession number AE009951) and F. nucleatum subsp. polymorphum ATCC 10953 (http://pedant.gsf.de) ( Table 1) . Amplification reactions were carried out in a thermal cycler (Perkin-Elmer 2400) with the following touchdown PCR program: initial denaturation at 94°C for 1 min, followed by 20 cycles of 45 s at 94°C, 45 s at 68°C (reduced by 0.4°C per cycle), and 45 s at 72°C, followed by 20 cycles of 45 s at 94°C, 45 s at 62°C, and 45 s at 72°C and then a final extension step at 72°C for 7 min.
Pulsed-field gel electrophoresis (PFGE) of undigested and SpeI-treated genomic DNA samples prepared from the various strains was performed as previously described, with the GenePath System (Bio-Rad, Hercules, Calif.) under the electrophoretic conditions recommended by the manufacturer (program 9) (17) . Hybridization with bla FUS-1 and blaA probes (791 and 806 bp, respectively) was carried out directly on dried gels (36) . Briefly, the digoxigeninlabeled probes were obtained by PCR with the PCR DIG Probe Synthesis kit (Roche Applied Science, Mannheim, Germany) with the primers and amplification conditions described above. Prehybridization and hybridization were performed at 42°C with the DIG Easy Hib solution (Roche Applied Science) for 2 h and overnight, respectively. After hybridization, the gel was washed twice in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1% sodium dodecyl sulfate for 5 min at room temperature and then twice in 0.5ϫ SSC containing 0.1% sodium dodecyl sulfate for 15 min at 68°C under constant agitation. Detection of hybridization signals was carried out with a DIG nucleic acid detection kit (Roche Applied Science).
The nucleotide sequence and the deduced amino acid sequence were analyzed by using the software at the website of the National Center 3 .5 U of the Expand High Fidelity DNA system (Roche Biochemicals, Mannheim, Germany) in the buffer system provided by the manufacturer, 200 M deoxynucleoside triphosphates, and 20 ng of plasmid pZErO-2-FUS-1 as the template. The following cycling conditions were used: initial denaturation at 94°C for 3 min; denaturation at 94°C for 1 min, annealing at 52°C for 1 min, and extension at 72°C for 1 min repeated for 30 cycles; and a final extension step at 72°C for 10 min. The PCR product was purified with the Wizard Gel and DNA purification kit and digested with restriction enzymes NdeI and BamHI, purified again, and ligated with vector pET-9a (Stratagene) digested with the same enzymes to yield plasmid pET-FUS-1. The cloned bla FUS-1 gene was sequenced to rule out the presence of any PCR-generated mutations.
E. coli BL21(DE3) was transformed with plasmid pET-FUS-1 and grown in ZYP-0.8G (control) and ZYP-5052 (autoinducing) mediums (34) . For optimization of production conditions, 1-ml aliquots of the culture were sampled at different times and centrifuged at 12,000 ϫ g (10 min, 4°C). The bacterial cells were resuspended in 1 ml of 10 mM HEPES buffer (pH 7.0) (buffer H) and disrupted by sonication (five cycles of 20 s each at 45 W) with a B. Braun (Melsungen, Germany) Labsonic L sonicator. ␤-Lactamase activity in both culture supernatants and cell lysates was determined spectrophotometrically in buffer H with 1 mM ampicillin as the substrate. The ␤-lactamase was purified from 0.5 liter of culture grown overnight in the presence of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cells were collected by centrifugation, resuspended in 25 ml of 20 mM Tris-HCl buffer (pH 8.0), and disrupted with a One Shot cell disrupter at 23,000 lb/in 2 (Constant Systems Ltd., Daventry, United Kingdom). The preparation was centrifuged (15,000 ϫ g, 1 h, 10°C) to remove cell debris, desalted with a HiPrep 26/10 desalting column, and loaded (flow rate, 2 ml/min) onto an XK 16/20 column packed with 30 ml of Q Sepharose Fast Flow (Amersham Biosciences, Uppsala, Sweden) and previously equilibrated with 20 mM Tris-HCl buffer (pH 8.0) (buffer A). The enzyme was eluted with a linear gradient of NaCl in buffer A (0 to 400 mM in 400 ml). The purified enzyme preparation (1.1 Ϯ 0.1 mg/ml) was stored at Ϫ20°C.
Protein analysis techniques. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed by the method of Laemmli with a 12% acrylamide concentration in the resolving gel. After electrophoresis, protein bands were stained with Coomassie brilliant blue. Analytical isoelectric focusing of the purified protein and zymographic detection of ␤-lactamase activity were carried out as previously described (21) . The molecular mass of native FUS-1 was estimated by size exclusion chromatography with a Superdex 75 HR 10/30 column (Amersham Biosciences) as described previously (14) . The column was calibrated with a mixture of bovine serum albumin (0.2 mg), ovalbumin (0.2 mg), chymotrypsinogen A (0.2 mg), and RNase A (0.5 mg). The protein concentration in solution was determined with a commercial kit (Bio-Rad protein assay; Bio-Rad, Richmond, Calif.) with bovine serum albumin as the standard. The molecular mass of the purified FUS-1 preparation was measured by electrospray mass spectrometry as described previously (14) with a Finnigan LTQ mass spectrometer equipped with an ion spray source (Thermo Electron Co., Schaumburg, Ill.). The data were analyzed with the software delivered with the instrument.
Determination of kinetic parameters. The steady-state kinetic parameters for ␤-lactam hydrolysis were measured in buffer H at 30°C as described previously (10, 14) . Competition experiments with poor substrates were carried out with 1 mM oxacillin as the reporter substrate. The enzyme concentration in the assays ranged between 7 and 1,500 nM. Inhibition by clavulanic acid, tazobactam, and NaCl was investigated by incubating a 200 nM enzyme solution in the presence of several concentrations of the compound for 5 min at 30°C, and residual activity was measured with 1 mM oxacillin under the conditions described above.
Nucleotide sequence accession number. The nucleotide sequence of FUS-1 reported in this paper has been submitted to the EMBL/GenBank nucleotide sequence database and assigned accession number AY227054.
RESULTS AND DISCUSSION
Antibiotic susceptibility of the F. nucleatum isolate. Isolate NI61 was isolated in 2001 from a gingival sample from a patient treated with amoxicillin for periodontitis and was identi- (Table 2) . Interestingly, two additional ␤-lactamase-positive F. nucleatum strains (NI51 and NI487) found in our collection and identified as F. nucleatum subsp. polymorphum presented the same resistance pattern. Cloning and sequencing of the class D ␤-lactamase gene. A HindIII library of F. nucleatum NI61 genomic DNA was obtained in E. coli TOP10. Plasmid analysis of selected transformants able to grow in the presence of both kanamycin and ampicillin showed a cloned insert of approximately 2.5 kb. The plasmid insert found in E. coli clone NI533 was entirely sequenced and revealed a 765-bp open reading frame encoding a 254-amino-acid protein showing the highest similarity to class D ␤-lactamases and named FUS-1 (OXA-85). The GϩC content of the bla FUS-1 gene was 33%, which lies within the expected range of the GϩC contents of F. nucleatum genes, suggesting that the bla FUS-1 gene could be naturally occurring in some F. nucleatum subspecies.
In E. coli NI533, the native bla FUS-1 promoter region seems functional and good expression of the ␤-lactamase gene was observed. A specific activity of 4,800 Ϯ 600 nmol/min/mg of protein (with 1 mM ampicillin as the substrate) was measured in the crude extract prepared from an early log phase culture which, on isoelectric focusing, revealed a single ␤-lactamase band with a pI of 5.3 Ϯ 0.3. This strain presented a susceptibility profile similar to that of F. nucleatum NI61; the highest measured MICs were those of amoxicillin and ticarcillin, and there was a moderate decrease in the amoxicillin and ticarcillin MICs with clavulanic acid (16 and 32 g/ml, respectively) ( Table 2 ). The good activity of ␤-lactam-␤-lactamase inhibitor combinations against F. nucleatum strains, including those producing FUS-1, could be due to the intrinsic activity of clavulanic acid and tazobactam, with MICs ranging from 2 to 4 and from 2 to 8 g/ml, respectively. These results were in agreement with previously published works (2, 20) . Interestingly, a ␤-lactamase-positive F. nucleatum subsp. polymorphum strain was also found to be resistant to oxacillin (15) but this antibiotic was not tested in the other works (2, 20, 37) .
Genetic environment and distribution of the bla FUS-1 gene. Plasmid DNA could not be isolated from strain NI61 after repeated plasmid DNA extractions by various methods. After PFGE separation of undigested genomic DNA of strains NI61, NI51, and NI487, hybridization with a bla FUS-1 probe yielded a single positive signal with the chromosomal DNA band, supporting a chromosomal location of the bla FUS-1 gene in these three F. nucleatum isolates (Fig. 1 and data not shown) . In addition, a PFGE analysis of the SpeI macrorestriction profiles carried out with these isolates revealed that they do not share any clonal relatedness (Fig. 1) .
The region immediately downstream of the bla FUS-1 gene exhibits strong homology with sequences found in the genomes of F. nucleatum subsp. nucleatum ATCC 25586 and F. nucleatum subsp. polymorphum ATCC 10953 (http://pedant.gsf.de) and includes an open reading frame (orf1) whose product is similar to transposases (Fig. 2) . This putative transposase does not have insertion sequences or terminal repeats. This finding was in agreement with the genome sequences of F. nucleatum subsp. nucleatum and F. nucleatum subsp. vincentii, where transposases are often truncated and probably nonfunctional (18, 19) . This lack of functional mobility might reflect an ancient chromosomal acquisition event of bla FUS-1 in a subgroup of F. nucleatum species, as demonstrated for most oxacillinase genes (3).
PCRs specific for the amplification of the bla FUS-1 were positive with strain NI61 and the two other ␤-lactam-resistant F. nucleatum subsp. polymorphum strains (NI51 and NI487) but were negative with the four reference F. nucleatum strains. In agreement with this finding, no oxacillinase gene was found in the sequenced genomes of F. nucleatum subsp. nucleatum This finding was in agreement with the absence of a gene encoding a class A enzyme (blaA) in the released genome of F. nucleatum subsp. vincentii (19) and indicates an important heterogeneity in the sequence and distribution of this blaA gene among isolates of F. nucleatum, including those belonging to the same subspecies.
Structural and functional properties of FUS-1. bla FUS-1 encodes a 254-amino-acid protein which exhibits all of the conserved structural motifs of class D ␤-lactamase (S 67 XFK, S 115 XG, and K 212 TG, with the numbering of OXA-1 proposed by Sun et al. [35] ), although these present infrequent amino acids, like a serine in position 58 (68 in the OXA-1 numbering), i.e., just after the active-site serine residue (a Ser residue only present in OXA-9 while all other OXA-type enzymes present a threonine) and a glutamine in position 107 (116 in the OXA-1 numbering; also present in a putative OXA-type ␤-lactamase found in the genome of Campylobacter lari RM2100 [GenBank accession no. ZP_00369367] but not in OXA-61 from the C. jejuni genome [1] ) (Fig. 3) . The highest homology was found with OXA-63 (53% amino acid identity; GenBank accession no. AY619003), described in a clinical strain of Brachyspira pilosicoli, a pathogenic intestinal anaerobic spirochete (4). Phylogenetic analysis (Fig. 4) showed that FUS-1 exhibits the closest ancestral relationship with putative enzymes found in the genomes of Campylobacter spp. and clusters with a group of chromosome-encoded enzymes including OXA-50 (40 to 42% identity on the basis of pairwise alignments) (13) .
Since a rather large amount of recombinant enzyme was produced by E. coli BL21(DE3)/pET-FUS-1 (Ͼ50 mg of en- A sequence similar to the 1,054-bp region including the orf1 gene was found in the genome of F. nucleatum subsp. nucleatum ATCC 25586 (identity, 93%), while a larger region (1,270 bp) was found in the F. nucleatum subsp. polymorphum ATCC 10953 genome (identity, 92%). orf1, shown as starting from the initiator codon found in this sequence, might be longer if an alternative initiator codon were downstream of the HindIII site used for cloning (the reading frame is uninterrupted from this site to the stop codon). In kinetic assays, FUS-1-catalyzed reactions did not follow biphasic kinetics with the substrates tested, as frequently observed for other class D enzymes. The enzyme exhibited a narrow substrate profile, efficiently hydrolyzing penicillins, cephalothin, CENTA, and to a lesser extent cefuroxime (Table 3) . Oxacillin was a good substrate, with a high turnover rate (k cat , 780 s Ϫ1 ) and consequently a high catalytic efficiency (k cat /K m , 2.1 ϫ 10 7 M Ϫ1 s Ϫ1 ), being hydrolyzed 30-fold more efficiently than ampicillin. Ticarcillin and cefuroxime were weakly recognized by the enzyme (K m , Ͼ250 M), acting as poor substrates, while expanded-and broad-spectrum cephalosporins were not hydrolyzed by FUS-1 (Table 3) .
In comparison with OXA-2, another narrow-spectrum en- (Table 3) . Although ceftazidime was a bad substrate for OXA-2, no hydrolysis of that compound could be detected with FUS-1 (at enzyme concentrations as high as 1.5 M).
As already observed for other class D ␤-lactamases, the enzyme was poorly inhibited by clavulanate (50% inhibitory concentration [IC 50 ], 500 Ϯ 70 M), while tazobactam was a better inhibitor (IC 50 , 2.5 Ϯ 0.5 M). These data are in good agreement with the susceptibility profile of E. coli NI533, a clone carrying the cloned bla FUS-1 gene, that was resistant to most penicillins, whose antimicrobial activity was not fully restored by clavulanic acid (Table 2) .
Interestingly, addition of rather high NaCl concentrations had a poor effect on the enzyme activity (IC 50 , Ͼ1 M), as also observed for OXA-29 (10) . This feature represents an important difference from other OXA-type enzymes, which are usually more sensitive to chloride ions (IC 50 ϭ 250 mM) (14, 24, 27) .
Concluding remarks. F. nucleatum represents a heterogeneous group including at least five known subspecies whose identification by means of phenotypic tests might be difficult. ␤-Lactamase-negative strains are usually found to be susceptible to oxacillin, and resistance to this ␤-lactam could be an additional phenotypic marker for the detection of ␤-lactamase production (15) . ␤-Lactamase production by F. nucleatum strains was most frequently reported in the subspecies polymorphum or nucleatum but more rarely in the subspecies vincentii (19) . To date, the bla FUS-1 gene has only been detected in isolates of F. nucleatum subsp. polymorphum, as identified by sequencing of the 16S rRNA gene. The chromosomal location of this gene, its peculiar genetic environment, and the absence of clonal relatedness between the FUS-1-producing strains might suggest ancient acquisition of bla FUS-1 . The study of the distribution of a ␤-lactamase gene(s) in a larger set of phylogenetically representative isolates in relation to subspecies and pathogenic characteristics would surely yield valuable data to address these issues.
From the clinical standpoint, differences in pathogenic potential among F. nucleatum subspecies have been reported, such as the ability to attach to and invade human gingival epithelial cells, as well as to stimulate the production of proinflammatory interleukin-8 (16) . Penicillin resistance due to ␤-lactamase production by oral F. nucleatum occurs frequently in childhood (20, 25, 26) , where ␤-lactams are among the antimicrobials most commonly used in bacterial pediatric infections.
This work underlines an important diversity among F. nucleatum strains for the presence of ␤-lactamase genes and shows that some isolates might produce a functional class D enzyme. FUS-1 is the first oxacillinase described in gram-negative anaerobic rods. It presents a particular narrow-spectrum substrate profile with predominant oxacillinase and penicillinase activity. A previous report described a ␤-lactamase with strong penicillinase activity from an F. nucleatum strain (37). Although both enzymes present similar isoelectric pHs and overall compatible kinetic properties, they exhibit significant differences in amino acid composition, indicating that the strain investigated by Tunér et al. may produce a different enzyme. It will be important to clarify the contribution of FUS-1 (and eventually the class A ␤-lactamase) to the resistance to ␤-lactams exhibited by clinical isolates of Fusobacterium spp. that might represent a serious therapeutic problem. 
